Results
This resulted in labeling of PC cell bodies and their axons at around the rostral mesencephalon ( Figure 1F ). Thus, the trajectory of PC axons can be clearly recognized in PC Axons in the Rat Mesencephalon Have a Dorsally Directed Trajectory Away flat whole-mounted preparations of the rat embryo: PC axons that originate from the ventral portion of the rosfrom the Floor Plate In Vivo PC axons express the axonal surface glycoprotein, tral mesencephalon (VRM) grow dorsally away from the floor plate, like trochlear motor axons in the metenceph-TAG-1, during their early development in rodents (Yamamoto et al., 1986; Wolfer et al., 1994) . This expression alon (Colamarino and Tessier-Lavigne, 1995) . can be observed using a flat whole-mounted brain preparation, which enables ready recognition of axon trajecThe Floor Plate Repels and Reorients PC Axons at a Distance In Vitro tories, together with their relation to the circumferential and longitudinal axes of the developing brain (Shirasaki To test whether the floor plate can repel PC axons from a distance, we cocultured explants of the ventral half et al., 1995) . Immunostaining of this preparation in embryonic day 13 (E13) rat brain using an antibody to TAG-1 of the rostral mesencephalon (referred to hereafter as VRM explants) with floor plate explants, using collagen reveals the trajectory of PC axons, which decussate dorsally at around of the rostral end of the mesencephagel culture assays. When VRM explants dissected from flat whole-mounted preparations of E11/E12 rat emlon (Figures 1A and 1B) . PC axons express TAG-1 even at the dorsal midline roof plate, and tend to fasciculate bryos were cultured alone for 60-72 hr, axons grew from their cut edges in a radial fashion, except from the with one another at around the dorsal midline (Figures 1B and 1C) . After crossing the dorsal midline, they conventral cut edge that normally abuts the floor plate (n ϭ 22; Figure 2A ). In contrast, when a VRM explant was tinue to express TAG-1 and extend ventrally, then make a gradual turn to project longitudinally in a caudal cultured with its cut dorsal edge placed at a distance from a metencephalic floor plate explant, axons growing direction toward the metencephalon ( Figures 1A, 1B , and 1D). TAG-1 does not label the cell bodies of orifrom the dorsal side gradually turned away from the floor plate explants (48 of 48 explants tested; Figure gin of PC axons (as is the case for other neurons in the CNS that extend long axons [Yamamoto et al., 1986; 2B) . The axons in the cocultures with floor plate explants appeared to be more extensively fasciculated than those Dodd et al., 1988; Wolfer et al., 1994] ). To visualize these cell bodies, we therefore retrogradely labeled the from VRM explants cultured alone (compare Figure 2A with Figure 2B ). Many of the axons that turned away cells by injecting the fluorescent carbocyanine dye DiI (for 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbofrom the floor plate did not contact floor plate explants or their processes ( Figure 2B ). Moreover, the turning of cyanine perchlorate) into the dorsal midline region where PC axons decussate ( Figure 1E, arrowheads) .
VRM axons could also be observed at an earlier time (45 hr in vitro) before any VRM axons had contacted motor axons, including oculomotor axons (Prince et al., 1992) . Thus, it is likely that these TAG-1-positive (TAGfloor plate explants (data not shown). These results suggest that the turning of VRM axons is mediated by a 1 ϩ ) VRM axons do not include oculomotor axons and that the major population of the VRM axons repelled by diffusible factor. VRM axons were also repelled by explants of mesencephalic floor plate (16 of 16 explants; the floor plate are PC axons. Together, these results indicate that the floor plate secretes a diffusible factor(s) Figure 2C ) and spinal cord floor plate (10 of 10 explants; data not shown). In contrast, explants of basal plate that repels and reorients PC axons. taken from the brachial spinal cord (10 of 10 explants; Figure 2D ) or the metencephalon (6 of 6 explants; data Heterologous Cells Secreting Netrin-1 Do Not Repel PC Axons not shown) of E13 rats did not repel these axons. Thus, a chemorepellent activity for VRM axons is secreted by
The long-range repellent effect of the floor plate on dorsally directed PC axons is reminiscent of its effect on ventral midline floor plate cells at all axial levels, but is not secreted by adjacent basal plate cells. trochlear motor axons, which have been shown to be repelled by a floor plate-derived chemotropic molecule, We next examined the identity of VRM axons that are repelled by the floor plate. The VRM region at this stage netrin-1 (Colamarino and Tessier-Lavigne, 1995) . This raises the question of whether netrin-1 can repel PC contains several classes of early differentiating neurons, including the cells that give rise to PC axons (Lauder et axons. To test this, we monitored the effect of aggregates of COS cells secreting recombinant netrin-1 on al., 1986; Mastick and Easter, 1996; see Figure 1F ), medial longitudinal fasciculus (Easter et al., 1993; Mastick PC axons, under conditions where these aggregates can attract cerebellar plate axons and Easter, 1996; data not shown), tyrosine hydroxylase-expressing dopaminergic axons (e.g., Altman and and repel trochlear motor axons (Colamarino and Tessier-Lavigne, 1995) . Bayer, 1981; Specht et al., 1981; Hynes et al., 1995;  data not shown), and oculomotor axons (Puelles and Privat;
In a first set of cultures, a COS cell aggregate was placed between cerebellar plate and VRM explant, with 1977; Altman and Bayer, 1981; Easter et al., 1993; Mastick and Easter, 1996 ; data not shown). Of these, PC the lateral side of the cerebellar plate explant and the dorsal cut edge of the VRM explant facing the aggregate axons and oculomotor axons express TAG-1 at early stages of their development (Yamamoto et al., 1986;  ( Figure 3A ). Whereas COS cell aggregates elicited extensive neurite outgrowth from the lateral side of cerebellar Wolfer et al., 1994) . We found that most of the VRM axons repelled by the floor plate also expressed TAG-1 plate explants (as previously reported; Shirasaki et al., 1995) , they had no effect on axons growing from VRM in vitro ( Figure 2E ). Axons extending from the dorsal cut edge of the VRM explant (including the corners) either explants (15 of 15 explants tested; compare Figure 3A with Figure 2A ). cultured alone or with the floor plate, however, did not express F84.1 (data not shown), a marker for cranial
In a second set of cultures, we compared the ability of [E] were collected from transiently transfected COS cells expressing netrin-1 and from 293 cells stably expressing netrin-1, subjected to high speed centrifugation, TCA precipitated, resuspended in equal volumes of sample buffer, subjected to SDSpolyacrylamide electrophoresis, and immunoblotted using the 9E10 monoclonal antibody to detect the expressed tagged netrin protein. A 10-fold lower volume of each of the samples from the 293 cells was loaded onto the gel. The total amount of netrin-1, as well as the fraction of netrin-1 present in the medium, is higher from 293 cells than from COS cells. (I) Coculture of a netrin-secreting 293 cell aggregate (Net293) with a cerebellar plate explant. Extensive neurite outgrowth occurs from the lateral side of the cerebellar plate toward the 293 cell aggregate (n ϭ 16). In cocultures of control 293 cell aggregates with cerebellar plate explants, no neurite outgrowth from the lateral side of the cerebellar plate was observed (n ϭ 6; data not shown).
(J) Coculture of a VRM explant with an aggregate of 293 cells stably expressing netrin-1. Axons from a VRM explant grow radially toward the aggregate. Repellent activity of 293 cell aggregates was monitored by an HMJ explant in the same culture. Similar radial growth patterns were also observed when cocultured with control 293 cell aggregates (n ϭ 13; data not shown). In about 20% of cocultures with either netrinsecreting or control 293 cell aggregates, a small population of VRM axons showed mild deflections that did not qualify as "repulsion" by the criteria in the Experimental Procedures (data not shown). Bars, 300 m (A, B, E, G, and J); 300 m (C); 400 m (D); 150 m (F and I). (A) and (B) Dark-field light micrographs of ventral view of a flat whole-mounted embryonic rat brain preparation stained for expression of TAG-1. This preparation includes the region extending from the myelencephalon (Myel) through to the mesencephalon. Rostral is up. An E14 rat brain was cut along the dorsal midline and opened. Note that a variety of midline decussating axons express TAG-1. These axonal populations may include efferent fibers of the cochlear nucleus in the myelencephalon (Kandler and Friauf, 1993) , cerebellofugal axons in the metencephalon (Cholley et al., 1989; Shirasaki et al., 1995) , and tectospinal axons in the mesencephalon (Shepherd and Taylor, 1995) . (B) COS cell aggregates to repel trochlear and VRM axons.
a marker for these axons is provided by TAG-1, which Trochlear motor axon repulsion was studied in cultures is expressed by ventrally migrating commissural axons of explants of the ventral portion of the hindbrain-midthat project to the floor plate in the spinal cord (Yamabrain junction from E11-12 rats (referred to hereafter as moto et al., 1986; Dodd et al., 1988; Phelps et al., 1993 ; ventral HMJ explants). As described previously (ColaWolfer et al., 1994) , and which also labels ventrally demarino and Tessier-Lavigne, 1995), when ventral HMJ cussating axons that are organized in a "consecutive explants were cultured alone, a characteristic loose bunstripe" pattern in the myelencephalon, metencephalon, dle of trochlear motor axons, which expressed F84.1 and mesencephalon ( Figure 4A ; see also Yamamoto et (data not shown), was observed projecting from the doral., 1986; Wolfer et al., 1994) . TAG-1 expression tends sal aspect of the explant (19 of 20 explants with dorsal to be reduced around the border of the floor plate and bundles; Figure 3B ). However, the direction of growth most TAG-1 ϩ axons cannot be followed continuously and formation of F84.1-positive (F84.1 ϩ ) dorsal bundles across the floor plate in the metencephalon (Figures 4B were perturbed when ventral HMJ explants were coculand 4C; see also Wolfer et al., 1994) . tured with floor plate explants (20 of 20 explants tested;
We examined whether netrin-1 can function as a Figure 3C ). When an aggregate of COS cells secreting chemoattractant for ventrally projecting axons at all recombinant netrin-1 was placed between a ventral HMJ these axial levels. Previous studies have shown that the explant and a VRM explant, trochlear motor axons projfloor plate can attract axons from alar plate (AP) explants ecting from the former were repelled, whereas VRM axof spinal cord, myelencephalon, and metencephalon ons were unaffected and grew in a radial pattern show-(cerebellar plate) (Tessier-Lavigne et al., 1988; Placzek ing no sign of repulsion (14 of 14 explants; Figures et al., 1990; Shirasaki et al., 1995; Tamada et al., 1995) , 3D-3G).
and that netrin-1 can mimic this effect at least on AP Thus, VRM axons are not repelled by concentrations explants from spinal cord and metencephalon (Serafini of netrin-1 that are sufficient to attract cerebellar plate et al. , 1994; Shirasaki et al., 1995) . axons and repel trochlear motor axons. These experiMoreover, axons from spinal cord explants that are atments did not, however, exclude the possibility that tracted by floor plate cells or netrin-1 were shown to higher concentrations of netrin-1 might repel these axexpress TAG-1 (Tessier-Lavigne et al., 1988; Placzek et ons. To address this, we derived a stable 293 cell line al., 1990; . Extending these studies, that secretes about fifty times more netrin-1 protein in we found that floor plate explants can attract axons soluble form than do transfected COS cells ( Figure 3H) . from AP explants from mesencephalon (n ϭ 13; Figure  Aggregates of 293 cells attracted axons from cerebellar 5I), and that COS cells secreting recombinant netrin-1 plate explants ( Figure 3I ), and repelled trochlear motor can attract axons from AP explants of both myelencephaxons (data not shown), but did not repel axons from alon (n ϭ 14; Figure 5E ) and mesencephalon (n ϭ 7; VRM explants (40 of 40 explants tested; Figure 3J ). Figure 5K ). In addition, AP axons that were attracted by Taken together, these results suggest that chemorepulthe floor plate or netrin-1 all expressed TAG-1, whether sion of PC axons by floor plate cells involves a longthey were derived from the metencephalon (Figures 5B range chemorepellent(s) other than netrin-1. and 5D), the myelencephalon ( Figure 5F and data not shown), or the mesencephalon ( Figures 5J and 5L ). ConNetrin-1 Attracts Ventrally Decussating Axons trol COS cells transfected with vector alone had no such from the Myelencephalon through effect on explants of AP from metencephalon (n ϭ 9; to the Mesencephalon data not shown), myelencephalon (n ϭ 3; Figure 5G ), or We next examined whether netrin-1 can attract ventrally migrating axons at different axial levels. We found that mesencephalon (n ϭ 6; Figure 5H ). When the aggregates were juxtaposed aside AP explants of myelencephalon, metencephalon, and mesencephalon, turning and reorientation of AP axons toward aggregates of netrin-secreting heterologous cells were also observed within these AP explants (data not shown). Taken together, our data and previous studies show that both the floor plate and netrin-1 can promote the outgrowth of and attract ventrally decussating AP axons at all axial levels from the spinal cord to the mesencephalon.
Discussion
Floor Plate Repulsion Can Guide PC Axons Dorsally, but in a Netrin-Independent Manner We have shown that PC axons originating from the VRM region are repelled by the floor plate but not the adjacent basal plate in vitro. This observation is consistent with the finding that the formation of the posterior commissure is disrupted in the floor plate-deficient zebrafish mutant cyclops (Hatta et al., 1994; Patel et al., 1994) , and suggests that the disruption in this mutant might be due to loss of the chemorepellent. Thus, together these studies suggest that a floor plate-derived chemorepellent plays an important role in guiding PC axons dorsally in vivo. Our studies also indicate that netrin-1, which can repel trochlear motor axons, does not repel PC axons, implying that the repellent effect of floor plate cells on PC axons is mediated by a distinct factor. This finding is consistent with the observation that the posterior commissure in vivo develops apparently normally in mice deficient in netrin-1 function (Serafini et al., submitted) . PC axons were repelled by floor plate explants from all axial levels tested, indicating that, like netrin-1, the chemorepellent for PC axons is secreted by the floor plate at all axial levels. Although our studies have not identified the repellent, they suggest that it is likely to be functionally distinct from collapsin-1/semaphorin III, a soluble protein that can cause collapse of sensory growth cones (Luo et al., 1993) and can repel specific populations of sensory afferents in vitro (Messersmith et al., 1995; Pü schel et al., 1995) . Indeed, mRNA for this molecule is expressed in the basal plate in the spinal Shepherd et al., 1996; Wright et al., 1995 ) , hindbrain, Cells and midbrain (Shepherd et al., 1996) , and basal plate in the metencephalon and myelencephalon occurs ventrally in vivo Interestingly, the existence of a floor plate-derived ; data not shown). Thus, AP explants were chemorepellent activity distinct from netrin-1 was also oriented so that the dorsal side (lateral surface in whole-mount recently demonstrated through studies on trochlear mopreparation) of the explants faces the floor plate explants or netrintor axons. Although these axons are repelled by netrin-1 secreting COS cell aggregates to assay attraction of axons. When in vitro (Colamarino and Tessier-Lavigne, 1995), they are the AP explants were cultured alone or with aggregates of control COS cells (Ctl), axons emanated from the ventral cut edge but not also repelled by floor plate explants dissected from mice from the dorsal side ([G] and data not shown; see also . Similarly, mesencephalic AP explants, when cultured alone (n ϭ 7; data not shown) or with aggregates of control COS cells (H), showed some neurite outgrowth from the ventral cut edge, plate explants or netrin-expressing COS cell aggregates. Phasebut little from the dorsal cut edge, as expected from ventrally dicontrast micrographs (A, C, E, I, and K) and corresponding immunorected growth of mesencephalic AP axons in vivo (Shepherd and fluorescence micrographs after staining with TAG-1 antibody (B, D, Taylor, 1995; data not shown). Thus, mesencephalic AP explants F, J, and L) demonstrate that the axons attracted by both the floor were placed so that the dorsal side of the AP explants faces floor plate and netrin-expressing COS cells are TAG-1 ϩ . Bar, 200 m.
deficient in netrin-1 function, and their trajectory is from the spinal cord through to the mesencephalon are all attracted by the floor plate. In addition, PC axons, largely normal in the mutant mice (Serafini et al., submitted) . Recent studies have also demonstrated that floor which also express TAG-1 during their early development (Yamamoto et al., 1986; Wolfer et al., 1994 ; this plate cells secrete a chemorepellent for olfactory interneuron precursors that is distinct from netrin-1 and study), respond to a floor plate-derived chemorepellent. Recent studies have also demonstrated that motor axcollapsin-1/semaphorin III (Hu and Rutishauser, 1996) . It remains to be determined whether the same factor is ons in the hindbrain and the spinal cord, which also express TAG-1 during the period of initial axon extension responsible for all of these netrin-independent repulsive effects. (Yamamoto et al., 1986; Dodd et al., 1988; Wolfer et al., 1994) , are repelled by the floor plate (Colamarino and Netrin-1 as a Common Attractant for Alar Guthrie and Pini, 1995) . This correlation raises the possibility that the TAG-1 molecule Plate-Derived Ventrally Decussating Axons Our results have extended previous studies (Tessieritself might in some way be involved in reception or signal transduction of floor plate-derived signals. ConLavigne et al., 1988; Placzek et al., 1990 Tamada et al., 1995) to show that TAG-1 ϩ sistent with this is the finding in netrin-1-knockout mice that the anterior commissure, hippocampal commis-AP axons, which project in vivo to the floor plate, are attracted by floor plate cells and by netrin-1 at all axial sure, and corpus callosum are absent (Serafini et al., submitted) , all of which express TAG-1 during their delevels from the spinal cord to the mesencephalon. Since netrin-1 mRNA is expressed along the ventral midline velopment (Yamamoto et al., 1986; Wolfer et al., 1994) . It should be noted, however, that such a role for TAG-1 up to the level of the caudal diencephalon , the present findings suggest that AP axons
has not yet been demonstrated. from the spinal cord up to the level of the mesencephalon are guided toward the ventral midline by a common Mechanisms of PC Axon Guidance netrin-1-mediated chemoattractive mechanism. In mice Since PC axons grow dorsally toward the dorsal midline deficient in netrin-1 function, the projection of spinal roof plate, it is possible that the roof plate secretes commissural axons to the floor plate is severely perchemoattractive factors that guide these dorsally deturbed (Serafini et al., submitted) , predicting that the cussating axons, just as the ventral midline floor plate normal trajectory of TAG-1 ϩ commissural axons at does for ventrally decussating axons. In our preliminary higher axial levels in vivo might also depend critically coculture experiments using collagen gels, however, we on netrin-1 function.
have been unable to demonstrate any chemoattractive Our results show interesting parallels and differences activity of roof plate cells toward PC axons (R. S. and with results on the netrin-1 homolog UNC-6 in C. eleg-F. M., unpublished data). ans. In the nematode, UNC-6 appears to function as
The mechanism that allows PC axons to cross the a global guidance cue for almost all circumferentially dorsal midline is unknown, but one intriguing feature that migrating axons, and both ventrally and dorsally dimight be related to this mechanism is the fasciculation of rected migrations are perturbed in unc-6 mutants. A few PC axons at the dorsal midline. Axon-axon fasciculation populations of circumferentially migrating axons in the at the midline has not been observed for ventrally decushead region of the nematode, however, are not affected sating axons in the embryonic chick spinal cord (Yagi- (Hedgecock et al., 1990) . In vertebrates, our results sugnuma et al., 1990), but is reminiscent of the behavior of gest that netrin-1 might likewise function as a global commissural growth cones in the grasshopper embryo, guidance cue for ventrally directed circumferential miwhere successful growth-cone crossing of the midline grations at all axial levels where the floor plate is found.
requires contact and fasciculation with the contralateral In addition, our results and those of previous studies homologue ( Myers and Bastiani, 1993a, 1993b ). It will (Colamarino and Tessier-Lavigne, 1995; Tamada et al., therefore be of interest to examine whether PC axons 1995; Guthrie and Pini, 1995) suggest that the floor plate can advance across the dorsal midline in the absence might play a global guidance role in repelling axons away of their contralateral counterparts. from the floor plate. However, the findings reported here PC axons grow ventrally for some distance after and in Serafini et al. (submitted) indicate that this precrossing the roof plate, then gradually turn caudally at sumed global guidance role of the floor plate is likely to around the ventral mesencephalon. The gradual turning be mediated by both netrin-dependent and -indepensuggests that PC axons might retain responsiveness to dent mechanisms. a floor plate-derived chemorepellent(s). Thus, the situation with PC axons might be different from that of venExpression of TAG-1 as a Common Denominator of trally decussating axons. Cerebellar plate axons, for exAxon Responsiveness to Floor Plate-Derived ample, lose responsiveness to a floor plate-derived Guidance Signals chemoattractant after once crossing the floor plate, as TAG-1, an immunoglobulin gene superfamily member demonstrated in whole-mount culture preparations in (Furley et al., 1990) , is expressed on ventrally decussatwhich a second floor plate is implanted (Shirasaki et al., ing axons in a consecutive-striped manner throughout 1996) . It is interesting in this light that PC axons do not the hindbrain and midbrain. Our findings and those of lose expression of TAG-1 after crossing the midline, previous studies indicate an interesting correlation bewhereas ventrally decussating axons do (Dodd et 1995) . Basal plate explants were dissected from the spinal cord in brachial regions and from the metencephalon, since the boundary between the basal plate and the floor plate was more clearly discernExperimental Procedures ible in these regions compared to the mesencephalon. Explants were embedded in collagen gels and cultured for 60-72 hr as deImmunostaining and DiI Labeling scribed previously Tamada et al., 1995) , exAll procedures followed those of Shirasaki et al. (1995) , with some cept that the culture medium was supplemented with 2 mM L-glutamodifications. In brief, the midbrain and hindbrain of E13-E14 Wistar mine and 10 g/ml streptomycin sulfate. In all cocultures, dorsal rat embryos (E0 is the day of vaginal plug) was cut along either the cut edge of VRM explants were faced with floor plate explants or ventral or dorsal midlines, whole-mounted with the ventricular side with COS cell aggregates, separated less than 1 mm. Axons growing down, and fixed with 4% paraformaldehyde. Small crystals of DiI from the dorsal cut edge, including the corners, were monitored (Godement et al., 1987; Honig and Hume, 1989) were placed into and analyzed for repellent activity. Aggregates of transfected or the dorsal midline near the mesencephalon/diencephalon boundary. mock-transfected COS cells or 293 cells were prepared by the hangAt 1-5 days after DiI implantation, the preparations were observed ing drop culture method as described previously (Kennedy et al., by epifluorescence microscopy. 1994; Shirasaki et al., 1995) . For immunostaining, whole-mount preparations were stored in To assess chemorepulsion of VRM axons, we first defined an axis PBS containing 0.1% NaN 3. The preparations were incubated in by a line drawn perpendicularly to the dorsal cut edge of the VRM PBS containing 1% Triton X-100 (PBST) with gentle agitation for at explants. Axons emanating from this edge were considered repelled least 30 min, incubated in PBST containing 0.3% H2O2 for 30 min if their initial trajectory was within 90Њ of the defined axis, but then to reduce the endogenous peroxidase-like activity of red blood cells.
turned to project in a direction opposite to the defined axis. Cultures Subsequently, they were incubated in normal goat serum (NGS) that contained any axons that showed such dramatic changes in (diluted 1:10 in PBST containing 0.1% bovine serum albumin) for 2 trajectory were considered to exhibit repulsion. In most cases, in hr. The preparations were then incubated in anti-TAG-1 (4D7) anticultures that showed any repulsion, a major population of axons body (undiluted supernatant, kindly provided by Dr. M. Yamamoto) emanating from the cut edge were repelled. Axons that showed as a primary antibody for 3 hr, washed at least six times for 30 min irregular trajectories and those that contacted the explants or cell each in NGS (diluted 1:100 in PBST), and then biotinylated secondary aggregates were excluded from the analysis. anti-mouse IgM (Vector Labs, 1:200) for 3 hr, washed as before in PBS, incubated in avidin-biotin peroxidase complex (ABC) reagent (Vector Labs, Vectastain ABC kit, diluted 1:100 in PBS) for 3 hr, Generation of the Cell Line Stably Secreting Netrin-1 washed, and then in diaminobenzidine (DAB) (0.05% in TBS) with Netrin-1 myc from pGNET1 myc was first transferred 0.01% H2O2 for visualization. Some preparations were embedded to pcDNA3 (Invitrogen) by digestion with EcoRI and XhoI, then to in a 10% gelatin-egg yolk mixture, which was then hardened for pCEP4 (Invitrogen) by digestion with HindIII and XhoI. This construct about 24 hr in a 1 cm-cube mold. We cut 60 m transverse sections was introduced into 293-EBNA cells (Invitrogen) using LipofectAMof fixed preparations out from the cube on a Microslicer (Dosaka INE (GIBCO BRL) as directed and grown under selection (250 g/ EM) and immunostained them as described above, but with a shorter ml Geneticin, 200 g/ml Hygromycin B). To prevent loss of the incubation period.
extrachromosomal episomes, the transfected cells were continually Staining procedures of cultured explants in collagen gels followed maintained in selective media. Purified recombinant netrin-1 sethose of Tamada et al. (1995) , with some modifications. In brief, creted by these cells had a similar specific activity to that of netrin-1 following fixation, the explants were stained using anti-TAG-1 (disecreted by COS cells (data not shown). luted 1:1 in PBST) or F84.1 antibody (supernatant, gift from Dr. W. Stallcup; diluted 1:10 in PBST) as primary antibodies for 4 hr, Expression of Netrin-1 Protein biotinylated secondary anti-mouse IgM (Vector Labs, 1:200) or bio-A COS-1 cell monolayer was transiently transfected in 35 mm wells tinylated anti-mouse IgG (Vector Labs, 1:200) for 4 hr, and then with pGNET myc as described previously . Upon Cy3-conjugated Streptavidin (Jackson ImmunoResearch, 1:500) or removal of the transfection media, the monolayer was washed with Fluorescein Avidin D (Vector Labs, 1:200) for 3 hr, prior to mounting PBS, then incubated for 3 days with 1.5 ml of OptiMEM I supplewith glycerol in PBS. Washing at least four times for 1 hr each mented with GlutaMAX I (GIBCO BRL) and antibiotics. In parallel, was performed after each incubation step. All immunohistochemical netrin-1 stably transfected 293-EBNA cells were grown to confluprocedures were carried out at room temperature. ence in 35 mm wells, washed with PBS, then incubated for 3 days with 1.5 ml of OptiMEM I, GlutaMAX I, and antibiotics. After harvesting the conditioned media from both cell types (to which were added Explant Culture in Collagen Gels 1X protease inhibitors [1 mg/ml of each leupeptin, aprotinin, pepsProcedures for explant culture followed those of Shirasaki et al. tatin] ), the cells were rinsed with PBS, then incubated for 30 min (1995). In the chemoattraction assay, the brains of E12-E13 Wistar with 1.5 ml of extraction buffer (1 M NaCl, 20 mM NaPi [pH 7.5], 1X rat embryos were used. After we dissected AP explants of the metprotease inhibitors). Media and extracts were centrifuged at 2000 ϫ encephalon, myelencephalon, mesencephalon, and the floor plate g for 10 min, then at 60,000 ϫ g for 100 min. The supernatants at corresponding axial level from flat whole-mounted preparations, were TCA precipitated as described , then the explants were embedded into collagen gels, which enable detecresolubilized in SDS sample buffer. Half of the protein from trantion of diffusible chemotropic activities (Ebendal and Jacobson, siently transfected COS-1 cells expressing netrin-1 and 1/20 of the 1977; Davies, 1983, 1986) . AP explants of the mesenprotein from 293-EBNA cells stably expressing netrin-1 were subcephalon were taken from the ventral AP region so as not to include jected to Western blot analysis using 9E10 culture supernatant (dithe dorsal-most AP of the mesencephalon, which contains the cells rected to the myc epitope tag on netrin-1). of origins of ipsilaterally growing axons repelled by the floor plate . AP explants of the metencephalon, myelencephalon, and mesencephalon were cocultured for 24-30 hr with Acknowledgments floor plate explants or for 30-35 hr with COS cell aggregates. For detection of chemorepellent activity, E11-E12 rat embryos were
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